In this paper we consider the problem of coordinating multiple motion devices for welding purposes. We focus on the problem of controlling a positioning table and a seven axis manipulator, given the parametric definition of a trajectory on a weld piece. The problem is complex as there are more than nine axis involved and a number of permutations are possible which achieve the same motions of the weld torch. The system is redundant and the robot has singular configurations. As a result manual programming of the robot system is rather complex.
Introduction
In this paper we address the problem of coordinating a two axis table and a seven axis robot (see Figure l) , given the mathematical description of the weld seam trajectory with reference to the part coordinate frame.
The welding is to be carried out in down handed convention to allow the plasma to flow appropriately along the weld contour. This requires the weld piece surface normal to be aligned in the opposite direction of the gravity vector throughout the entire welding process. A seven axis robot consisting of a track and a six axis arm is used for the welding process.
The advantages of a redundant robot are as follows:
(i) A larger robot work envelope is obtained.
(ii) Singular configurations in the robot can be avoided by optimal movement of the redundant axes, e.g. the track.
The part positioning table is used to manipulate the part into an optimal position and orientation which is best suited for the given task constraints. The manipulator is then required to produce the desired torch motion to achieve the weld.
The problem which is generated by this complex system is that. the programmer is required to move the posi-
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tioner and then to move the robot. The programmer must decide when to move each individual axis if the manipulator is redundant. Several iteration may be required before a suitable program is taught which successfully coordinates both the positioner and the robot.
Recently, there has been growing interest in the research community investigating the problem of coordinated motion control of multiple robotic devices and the progress in this field has been rapid [8] 
I. Subdivision of the Coordination Problem
Our solution to the coordination problem is based on the "divide-and-conquer" approach. We partition the problem into small subtasks, then combine the solutions of the smaller subtasks to form a solution for the entire system. The solutions of each smaller subtask must however satisfy global and local constraints. These constraints are listed below.
(a) The surface normal of the weld part has to be antiparallel to the direction of gravity. The positioning table must be coordinated so as to achieve this. The inverse kinematics of the six degree of freedom manipulator is used to generate the motion of the torch. The extra degrees of freedom present in the manipulator is used to keep the robot out of singular configurations or to increase its reach.
A block diagram representing the hierarchial coordination of the devices is shown in Figure 2 . The processing stages in each block forms the basis of our task subdivision:
The data from the CAD station is used to generate the path the weld tip must trace.
(ii) This information is utilized by the coordinator to generate table movement subject to constraints (a) in the above. (iii) Next, the inverse kinematics of the table is calculated. (iv) Based on the global constraint of singularity avoidance and maximum reach of the manipulator (constraint (c) in the above), the motion of redundant system is generated through a nonlinear optimization process. This consists of the Cartesian motions of the robot (a Cybotech W 1 5 , is used in our study) and that of the track. Inverse kinematics is next used to compute the motions of the WV15 joints and that of the track. Again, the inverse kinematics is used to provide precise arm motions. 
Geometric Description of Weld Part
We adopt cylindrical coordinates to describe the position of the weld contour on the surface of the part, with respect to a part reference frame. We assume the shape of the part is arbitrary. Figure 4 , defines the variables used in the geometric modelling of the part. If partEur is a position vector which is located on the weld contour it is defined as:
where r, cy and z are subject to a surface equation: Here the normalization constant a. is defined as:
Then, a weld trajectory on the part can be described parametrically by the below functions:
where t is the variable denoting time. The tangent to this --curve ,O sur is given as:
The vector ,n sur can be found from 3 sur = ,O s u r X 2 sur = [ n x , ny, nzIt
Weaving Motions About the Weld Trajectory
In order to get an even weld fill, a small sinusoidal motion is superimposed on the nominal weld trajectory.
The weaving motion in the sur reference frame can be described as:
where, 
Vpw
Therefore we can find H 2
2 In this case the robot is able to stretch its arm back and forth and still avoid the singularity state of 83, the robot is then said to have good maneuverability.
Notice also additional constraints exists on the solvability of 8,, these are: 
IV. Singularity Avoidance And Control of the Redundant Joints
We desire to maintain the robot close as possible to good maneuverability throughout the motion of the arm. This may be. achieved through appropriate coordination of the redundant joints. We will formulate this as a mathematical programming problem. The equality constraints is that:
Ttrack is the hoqogeneous transformation representing the track and BTet is the homogeneous transformation of the W 1 5 robot. The subscript w is used to denote the workposition, and the superscript 0 is used to denote the origin. This constraint can be subdivided further into:
and,
Ttrack consists of two transforma- 
A mathematical programming model may now be constructed as follows:
Then, minimize f2(z ) with the equality constraints:
and the inequality constraints:
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where This is a standard problem of constrained minimization and a solution methodology exists [12) .
Simplification of t h e Constrained Minimization for Singularity Avoidance a n d Redundancy Control
On examination of the Kuhn-Tucker conditions we know that the inequality constraints need only be considered when they are active, This reduces to a practical strategy which is as follows:
Find solution for fonc of the equality constraint, as noted in the above check if the inequality constraint is violated. If not discard the inequality constraint
If inequality constraint is violated revize the solution to include inequality constraint.
Intuitively, if we are far from 81 or 85 singularity than we may move the manipulator to maintain good maneuverability with respect to H. This is achieved by suitable motion of the track dt which satisfy the equality constraint. If the inequality constraints are violated, the track is moved to keep the manipulator at a safe boundary from the singularity conditions through considerations in case (b).
We now find the analytic solution for both cases:
Case(a): lem. Using Lagrange multipliers:
Solution of t h e equality constraint prob-
This results in two solution of dt, dt, and dtb:
These two solution of the track corresponds to two different regions in which they can be applied. There are two values of dt, in the region H = C, however when H < C there is only one solution dtb.
Case (b): Solution with t h e Inequality Constraint
Relating t o 8,
Now one more constraint added to the above: g(_. ) = 6::
On consideration of, the feasible solution regions of 2 , h ( 2 ) = 0 and g ( 2 ) = 0, dt has only two possible solutions, where the constants are
Therefore the feasible region only contains two points and we need to choose a value of dt which makes the objective function the smallest f2(2 ) = (6; + (az + Pzdt, -d1)' -C2)' (40)
Case (b): Inequality C o n s t r a i n t Related t o 05 expressed in terms of Cartesian parameters.
(1) Execute equality constraints problem, disregard constraints related to g( ,x )
(2) Check inequality constraint, if it is not violated the solution produced by step (1) is acceptable (3) Otherwise solve a set of nonlinear equations h(_x ) = 0, g ( 2 ) = 0, to find feasible regions of dt.
After substitution one nonlinear equation will remain. The solution to this may than be found by Brent's algorithm (see IMSL Library documentation). [13] , [14! . This way achieves the desired motion accuracies while only utilizing inverse kinematics. Our methodology is novel in that respect and it relies on our previous results on characterization of the manipulator singularities in terms of the Cartesian coordinates of the end effector. Simulation experiments have been carried out to verify this but have not been presented in this paper because of space limitations. 
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